Abstract. Measurements of the length of the growing season in the boreal regions, during which significant carbon exchange due to metabolic activity occurs, may improve current estimates of annual CO2 fluxes at high northern latitudes. For coniferous, evergreen forest species, the summer frost free period bounds the growing season length and period of net carbon uptake. Spring soil thaw bounds the period of soil respiration and decomposition and thus carbon release. The balance of these two exchanges determines whether the boreal region is a net carbon source or sink. Imaging radar data can potentially be used to monitor these periods of soil and canopy thaw due to the sensitivity of radar to surface freeze/thaw state. In considering the use of imaging radar, two issues must be addressed. First, the temporal relationship between the time of freezing and thawing of the forest canopy and soil and the periods of photosynthetic and respiration activity must be ascertained. Second, the sensitivity of imaging radar to freeze/ thaw processes in each of the forest components must be assessed. Of particular interest is the extent to which radar is selectively sensitive to tree and soil thawing. In 1994, in situ soil, stem and root temperatures, and stem xylem flux were measured over a complete annual cycle at the Boreal Ecosystem-Atmosphere Study (BOREAS) test sites in Canada. Imaging radar data from the European Space Agency Remote Sensing (ERS-1) satellite were also acquired throughout 1994. The in situ temperature data show clear transitions in soil and stem thawing related to the start of soil respiration and canopy photosynthesis, respectively. The imaging radar data show clear shifts in backscatter related directly to soil thaw, and possibly to canopy thaw, as two independent transitions. These results are compared to seasonal ecosystem model results for carbon exchange.
Introduction
In the boreal forest region and for coniferous forest species the summer frost free period bounds the growing season length Breck/c, 1991, 1986] . For both coniferous and deciduous trees, their growth potential is further limited by their mineral and water uptake. For the broader landscape the spring soil thaw bounds the period of root and soil respiration and decomposition. Estimating the onset and the duration of favorable soil temperature regimes is therefore of equal ecological significance as the temperature regime of the aboveground biomass. On the basis of imaging radar measurements collected in Alaska over the last 5 years, thawing of the landscape during spring results in a significant rise in radar backscatter. This change is due to an increase in soil and canopy dielectric constant as the water, highly polar in the liquid state, changes from the solid to the liquid phase.
In order to use imaging radar data for estimating periods of significant carbon exchange, two issues must be addressed. First, the relationship between tree and soil thawing and the beginning and end of photosynthetic and respirative activity •School of the Environment, Duke University, Durham, North Carolina.
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0148-0227/97/96JD-03878 $ 09.00 must be ascertained. Secondly, the sensitivity of spaceborne imaging radar backscatter to freeze/thaw processes must be assessed. In particular, it is necessary to evaluate whether backscatter is selectively sensitive to tree and soil freezing and thawing, or dominated by one of these components.
To address these questions, in situ soil and stem temperatures and stem xylem flux were measured over a complete annual cycle in 1994 at the Boreal Ecosystem-Atmosphere Study (BOREAS) test sites in Canada [Sellers' el al., 1995] . European Remote Sensing (ERS-1) satellite imaging radar data were also acquired throughout 1994. In the winter phase of the ERS-1 mission, 3 day repeat image transect data provided detailed temporal sampling of some of the BOREAS sites. During the spring, summer, and fall phases of the mission a longer repeat orbit generated data over all sites every few weeks. The results for the winter and spring thaw for the mature black spruce site in the southern Prince Albert region are addressed in this paper. [Post, 1990] . In addition to increasing metabolic activity, increased high-latitude temperatures may also extend the growing season. This could result in an increased annual carbon gain. Alternately, a decreased annual carbon gain due to a higher decomposition of soil organic matter, as well as increased periods of frost drought which may reduce net annual carbon sequestration, is possible.
Quantifying process rates in a warmer boreal region is also necessary for improving climate model representations of land surface processes. Primary, global climate model inputs include surface energy, surface water, and seasonal cycles of vegetation. Timescales of interest are diurnal, seasonal, and interannual. To estimate these model inputs, the key measurables with remote sensing instruments are surface roughness, albedo, and canopy and soil resistance to water flux (G. Dickinson, personal communication, 1995). One approach is to obtain land surface classification maps from which these properties can sometimes be derived. A second approach is to measure these variables directly, independent of surface cover type. Estimates of the duration of the soil and canopy thaw period provide insight into all three model inputs (surface energy and water and seasonal cycles of vegetation) and bound the period when water flux through the soil is prohibited due to freezing conditions. [Way et al., 1990 . Data were acquired with the Jet Propulsion Laboratory airborne imaging radar on several different days over a period of 2 weeks. The airborne data were augmented with in situ measurements of the dielectric and moisture properties of the snow and forest canopy. During the time period over which the imaging radar data were collected, temperatures ranged from unseasonably warm (up to 9øC) to well below freezing (-8 ø to -15øC), and some of the free water in the trees changed from a liquid to a solid phase. The imaging radar data demonstrated that the radar return is sensitive to these changing environmental factors at L band with a 4-6 dB increase (depending on microwave polarization and canopy type) in the radar cross section of the forest stands.
With Vegetation in a pixel was considered to freeze if the backscatter decreased by 3 dB. Freezing, as observed in the image transects, was consistent with meteorological data collected along the transects; the data show that as is expected, freezing occurred first in the high-latitude and high-altitude regions.
BOREAS
To further study boreal freeze/thaw transitions, ERS-1 imaging radar data were collected over the BOREAS region in 1994. BOREAS is a large-scale international field experiment with a goal of improving our understanding of the exchanges of 
Approach and Measurements
ERS-1 imaging radar data were collected for each overpass of the BOREAS region. This paper focuses on the winterspring thaw transition in the black spruce at the southern BOREAS site, and nighttime transects crossing the 1000 x 1000 km region at the SSA site. The tower flux data were augmented with in situ temperature and xylem flux data. Soil and canopy thaw transitions and the start of photosynthetic The full resolution scenes are used to extract backscatter signatures from the tower stands; these values are averages of at least 400 pixels collected from a uniform portion of the stand area. Figure 6 shows three of the full resolution ERS-1 scenes for the Prince Albert region immediately preceding and following the first thaw (DOY 60 and 63, respectively) and for Of particular interest for this work are the air temperature above the canopy and precipitation. These measurements were initiated at the black spruce stand in May, therefore, we show meteorological data from the nearby old jack pine stand. Rainfall was measured using a tipping bucket mounted on the tower. The results for air temperature, snow depth, and precipitation are shown in Figure 7 . The results for precipitation are shown in Table 2 for each ERS overpass.
Analysis
The backscatter for the southern black spruce (Figure 7 are coefficients generated by the regression procedure; backscatter is in dB; and Ts is stem temperature in øC. The three regions expected, based on first principles, are clearly seen in Figure 10 , which also shows a surprisingly strong relationship between ERS backscatter and an increase in "ecosystem surface temperature," as approximated by stem temperature.
Discussion
In general, low soil temperatures inhibit microbial activity and thus soil respiration. Frozen plant structures (roots and stems) prohibit water transport in plants and thus limit leaf-gas exchange due to the risk of desiccation, even if the photosyn- It appears possible that a radar-based measure of thaw transitions serves as a surrogate for springtime phcnology or as an onset of gr{)wing season. Radar also provides a reliable data source for estimating circumpolar carbon flux in boreal forests because the cloud cover and low Sun angles do not impede imaging. Landscape-scale freeze/thaw maps of the global bereal forest generated on a consistent, long-term basis would provide a useful measure of spatial and interannual variations in growing season length. This information could be used in carbon flux models either to validarc the models or as a direct input. Imaging radar thus provides a method for virtually continuous daily global coverage of freeze/thaw status regardless of seasonal or atmospheric conditions. This phenology monitor could be the vegetation equivalent of monitors of global snow cover and sea ice that are being used to observe hydrologic responses to global change.
